We developed a technique to map the distribution of selected metabolites in the growth cartilage in situ using luciferase-NAD(P)H:FMN oxidoreductase. Chick tibial epiphyses were freeze-trapped, sectioned, and freeze-dried. For evaluating lactate, luciferase was suspended in a b&r containing polyvinylalcohol, gelatin, NAD, FMN, and lactic dehydrogenase (LDH) . The buffer was frozen into a layer 800 pm thick and placed in contact with the tissue section. The temperature of the frozen reagent mixture was then allowed to increase; the emitted light was focused through a photographic lens and collected on film. We found that lactate was synthesized by cells in all regions of the growth plate. The highest concentration of the metabolite was observed in the calcified hypertrophic region. Substantial levels of lactate were KEY WORDS: Growth plate; Metabolism; Bioluminescence; Carrilage mineralization.
Introduction
The epiphyseal growth plate provides a unique site for the study of developmental processes that lead to the formation of bone. Cytochemical and biochemical studies have shown that as cartilage cells mature there are synchronous alterations in morphology, function, and energy metabolism. Although the anatomic structure of the epiphysis is complex, the high degree of organization of the tissue permits detailed analysis of generalized biological events and evaluation of processes that are directly related to longitudinal bone growth. Events that have been subjected to close scrutiny in the plate include: stage-specific expression of phenotypic molecules (1,2); metabolic control of cell maturation and hypertrophy (3-5); mechanisms for the directed placement of mineral ions in the extracellular matrix (6); and cytodifferentiation processes linked to matrix vesicle biogenesis and possibly to chondrocyte-osteoblast transdifferentiation (7-9).
Our earlier studies of the growth plate have focused on examining the control of energy metabolism in chondrocytes. To follow metabolism, we have described the use of microfluorimetric tech- also present in articular cartilage. By modifying the composition of the buffer solution, we were able to map the distribution of glucose and glucose-6-phosphate and the activity of LDH. Maximal levels of each of the three components were present in hypertrophic cartilage. Chemical analysis of the tissue section confrmed the luminographic studies and provided further evidence that there was reliance on glycolytic metabolism in terminally differentiated chondrocytes. Use of enzyme couples similar to those described a h should permit the technique to be used to study most, if not all, of the major metabolic components of cartilage. (JHisro-&em Cyrochem 41: [693] [694] [695] [696] [697] [698] [699] [700] [701] [702] 1993) niques to map redox activities of cells of cartilage (3-5). The microfluorimetric studies, as well as direct measurements of adenine and guanine nucleotides in the growth cartilage, drew attention to the extraordinary metabolic changes that take place as chondrocytes mature and calcify the extracellular matrix. However, the architecture of the tissue is complex, and experimental approaches to studying cartilage metabolism have therefore been limited. lndeed, those methods in current use rely on laborious microdissection techniques and histological analysis of defined tissue zones.
In this report, we describe the development and use of a new analytical technique that utilizes the enzymes luciferase-NAD(P)H FMN oxidoreductase to measure the distribution of metabolic intermediates in the growth cartilage in situ. Using this procedure, we have mapped the position and concentration of glucose, lactate, and glucose-6-phosphate and the activity of lactate dehydrogenase (LDH) in the growth plate. The distribution of these metabolites lends support to the hypothesis that there is a major shdt in energy metabolism as cells of the epiphysis proliferate, hypertrophy, and assume a terminally differentiated state.
Materials and Methods
Tissues. White Rock chicks (8 weeks of age) were used for all experiments. The animals were sacrificed by cervical dislocation and the proximal tibial growth plates were exposed. Tissue samples (comprising the epiphysis and the articular cartilage) were rapidly frozen in liquid nitrogen at -155'C by techniques that we have previously described (10). Epiphyseal cartilage fragments were mounted in OCT compound (Miles; Kankakee. IL) and sectioned in a longitudinal direction in an IEC cryostat (Model CTD) at -25'C. Section thickness was 8 pm. Coverglasses (Corning Glass No.
2, 24 x 50 mm; Corning, NY) were cleaned by treatment for 3 days with a 1:4 mixture of dichromate in sulfuric acid-water (RBS 35; Pierce Chemical, Rockford, IL). After rinsing with tap and deionized water, the coverglass was ueated with a subbing solution containing gelatin-ddH20 (1 mgl ml) in 0.01% chromium potassium sulfate (11). The coverglass was dipped into this solution two or three times and air-dried. Tissue sections were transferred to a pre-warmed coverglass, frozen again in liquid nitrogen, and lyophilized at -60°C.
Prepration of Enzyme-Tissue Substrate. To elicit substrate-or enzymedependent luminescence of tissue sections, the samples were overlaid with a thin layer of frozen reagent mixture containing the light-emitting compounds. The mixture contained polyvinylalcohol (200 mg), gelatin (400 mg), and glycerin (200 me), dissolved in 20 ml of 100 mM phosphate buffer, pH 7.0 (12). Reagents that were subsequently used for each of the different assays were dissolved in this solution. All reagents used for the study were purchased from Sigma Chemicals (St Louis, MO).
Control experiments were performed to measure light emission in the absence of appropriate substrates and enzymes as well as to assess the intrinsic fluorescence of cartilage. For these studies, we used reagent mixtures that were deficient in a single substrate or that contained denatured enzymes (LDH and luciferase). Other controls included use of tissue samples that were aged by maintenance at room temperature for extended time periods or samples that were degraded by heating. In all cases, these modifications resulted in reduction of light emission to almost zero.
To prepare thin films of the reagent mixture, a glass plate was covered with plastic wrap, and metal spacers (800 pm thick) were positioned at the periphery of the upper surface of the plate. The reagent mixture (0.31 ml) was pipetted onto the plastic-lined surface of the plate. A second plate covered with plastic wrap was placed on the spacer and contacted the reagent. In this way, a reagent "sandwich was formed which was lined on both sides with plastic wrap. The sandwich was frozen in solid CO2 and the plastic was then removed with forceps. The frozen enzyme solution on the sample was allowed to melt to room temperature in the dark. During this time, the emitted light that could be seen with the naked eye was captured using the photographic system described below (see Figure 1 ). The same system was used to record the histology of the unstained tissue before luminographical analysis.
Photographic System. Initially, we tried to image the light by placing the tissue-reagent mixture over the photographic film as recommended by Paschen (12). However, the images were diffuse and little detail could be seen. Instead, a camera (Nikon FE) equipped with a Vivitar lens (series 1, 105 mm macro fl2.5) and teleconverter (Vivitar 2X) was positioned directly above the sample on a vibration-free table in a completely darkened room. We found that Kodak T-MAX P3200 film (ASA 3200) was optimum; for development, Kodak T-MAX developer was utilized. For lactate, LDH, and glucose images, the exposure time was between 15 and 30 min with an aperture of f/2.5. For glucose-6-phosphate, a 105-mm macro lens was utilized; the exposure time was 120-150 min. The resolution of the macro lens, determined with a Universal Lens Testing Chart, was 12 pm; with the teleconverter the resolution was 2 5 pm Regional Distribution of Lactate. To measure lactate levels in the growth cartilage, the following sequence of linked reactions was utilized:
"'-5 The formation of reduced nicotin amide adenine dinucleotide (NADH) by LDH provided the redox potential for the reduction of flavin mononudeotide (FMN) by NADH:FMN oxidoreductase. In the presence of FMNH2 and luciferase, N-decyl aldehyde (decanal) was converted to decanoic acid and light was emitted. Glutamate-pyruvate transaminase (GPT) serves to promote NADH formation by removal of pyruvate.
The reagent mixture for imaging lactate contained: 30 mM NAD, 0.8 mM FMN (made fresh, 2 mglml). 0.12 mM dithiothreitol (made fresh, 10 mglml), 1.2 mM N-decyl aldehyde (dissolved in methanol), and 44 mM glutamic acid; the pH was adjusted to 7.65. LDH (100 IU) and GPT (20 IU) were added to 1 ml of the reaction mixture. The concentration of the luciferase NADH:FMN oxidoreductase (Vibriofi~cherz) in the reagent mixture was 4 mglml. Luciferase was used at this concentration for all of the other assays.
Regional Distribution of Glucose. To measure glucose in the growth cartilage it was necessary to convert glucose to 6-phosphogluconate using hexokinase and glucose-6-phosphate dehydrogenase (G6PDH). Reduced nicotinamide adenine dinucleotide phosphate (NADPH) formed by the latter reaction served to reduce FMN to FMNH2. In the presence of luciferase and the oxidoreductase, the FMNH2 was then used to oxidize the decyl aldehyde to decanoic acid. The reagent mixture for imaging glucose contained: 25 mM A-, 0.8 mM FMN, 0.12 mM dithiothreitol, 2.0 mM decyl aldehyde, and 14 mM NADP; the pH was 7.65. Hexokinase (10 IU) and G6PDH (13 IU) were added to 1 ml of the reaction mixture. Regional Distribution of Glucose-6-phosphate. We used reactions ii to iv outlined above to measure glucose-6-phosphate levels in the growth cartilage. The reagent mixture contained: 0.8 mM FMN, 0.12 mM dithiothreitol, 2.0 mM N-decyl aldehyde, and 14 mM NADP. The pH was 7.65. G6PDH (13 IU) was added to 1 ml of the reaction mixture.
Regional Distribution of LDH. The general approach for imaging the distribution of LDH in the growth plate was similar to that oflactate. However, for this assay the reaction mixture contained lactate (10.0 mM) and LDH was omitted.
Image Analysis. The density distribution of the image generated by the luciferase reaction was quantified with a video digital imaging system. The print was imaged with a CCD camera (Panasonic VlO) and digitized by use of an Imaging Technology PCVision frame grabber mounted in an IBM XT computer. Analysis of the digital images was performed with image analysis routines written specifically for this research. To determine the fluorescence intensity, we compared gray level values of the background with gray levels of each of the defined histological zones. Zone identification was performed microscopically and relied on a number of well-known indicators of tissue maturation. These included cell size and shape, the presence of blood vessels, and the presence of mineral (13).
Chemical Analysis. Proximal growth cartilage was isolated from the chicken tibia. The epiphysis was immediately sectioned into restingproliferating cartilage, hypertrophic-calcified cartilage, and calcified cartilage-bone. Details of the method are described in earlier publications (3-5). The cartilage samples were then frozen in liquid nitrogen, freezedried at -G O T , and weighed. The tissue was homogenized in ice-cold 10 mM Tris-HC1 buffer, pH 7.5, and treated with 10% perchloric acid. After neutralization, the sample was centrifuged at 12,000 x g for 15 min; the supernatant was removed and used for analysis of glucose, glucose-6phosphate, and lactate (14) . For measurement of LDH, homogenized tissue samples were centrifuged and the activity of the supematant determined (15) . DNA levels were calculated from dry weight value ( 5 ) .
Results
The major histological features of the growth cartilage in longitudinal section can be clearly seen in Figure 2a . The photograph of this unstained specimen shows the superior aspect of the bone, capped by the articular cartilage (A); below this tissue zone, the minimally vascularized epiphyseal cartilage (containing both resting and proliferating cells) is evident (P). The hypertrophic cartilage (bright white region, C) can be clearly distinguished from the metaphysis (containing both calcified cartilage and woven bone, B). Considerable differences in contrast are seen between each of the tissue zones. The ddferences are due to intrinsic properties of the tissue and probably reflect variations in surface density and color. Figure 2b shows the luminescence due to lactate. Lactate levels appear to be greatest in the hypertrophic region. A higher-power view of this zone and use of image analyzing software indicated that the luminescence was confined to the cartilage (Figure 2c , ca) and that emission in the vascular channels was minimal (Figure 2c, bv) . In contrast to hypertrophic cartilage, lactate levels were low in both the non-calcified epiphysis and the articular cartilage. A plot of the lactate light intensity along a narrow strip of the cartilage (Figure 2b) is shown in Figure 2d . This figure clearly indicates that luminescence of hypertrophic cartilage is greater than in the other tissue regions. For comparison, the background gray level is marked on each figure with an asterisk.
The distribution of glucose in cartilage and bone is shown in Figure 3 . Figure 3a shows the histologic structure of the epiphysis. High levels of light emission are seen in the hypertrophic cartilage (Figures 3 b and 3c ). The level of glucose is higher in articular cartilage than in the non-mineralized region of the growth plate. Analysis of light emitted from the tissue indicated that the glucose level of the hypertrophic region was greater than in the proliferating zone and the calcified cartilage-bone region (Figure 3d ).
The luminographic image of glucose-6-phosphate in cartilage and bone is shown in Figure 4 . The structure of the tissue is indicated in Figure 4a . In contrast to the other metabolites, light emission is d & s e and extends from the proliferative region to the hypertrophic zone (Figure 4b) . The light emission level of articular cartilage is similar to the background. To visualize the articular cap, a glucose-6-phosphate solution was painted onto the superior border of the cartilage and is shown as F in Figure 4b .
The activity of LDH in the growth plate is shown in Figure 5 . Although minimal light is seen in epiphyseal cartilage, only in the hypertrophic zone is there a sigdcant lewl of LDH activity ( Figures  5b and 5c ). Image analysis dearly shows that luminescence of hypertrophic cartilage is higher than proliferating cartilage and considerably greater than in the other histological regions.
In some instances, the thickness of a histological zone in cartilage may become very narrow. In this case, changes in metabolite concentrations or enzymic activities may be difficult to determine by use of conventional analytical procedures. Figure 6a shows the tibial cartilage of a 12-week-old chick that has almost completed endochondral growth. At this stage, whereas the hypertrophic zone is very extensive, the hypertrophic region is very narrow (between 50-100 pm in width). Figure 6b shows the distribution of lactate in the growth plate. Lactate is concentrated in a fine zone below the pre-mineralized hypertrophic cartilage. In addition to lactate, luminographic analysis indicated that the hypertrophic cartilage exhibited a high level of LDH activity compared with the overlying non-hypertrophic epiphyseal cartilage and the underlying metaphyseal bone. Considerable LDH activity is also visible in the articular cartilage (Figure 6c) . Table 1 displays the results of chemical analyses of the growth cartilage. In general, the analytical values reflect the luminometric assays. Thus, the highest lactate and glucose concentrations are present in the hypertrophic zone; in addition, an elevated level of glucose-6-phosphate is seen in both hypertrophic and calcified cartilage. With respect to LDH activity, the differences are not so clear. Although there is a difference in LDH activity between the proliferating zone and hypertrophic cartilage, when hypertrophic cartilage and calcified cartilage-bone were compared the difference was not significant.
Discussion
The objective of this investigation was to develop a method for imaging the distribution of selected metabolites in cartilage. Using a modification of a technique originally described by Paschen (12), we were able to visualize the distribution of lactate, glucose, and glucose-6-phosphate and the activity of LDH in the chick epiphysis and articular cartilage. The approach that we describe should permit evaluation of other components in cartilage. Indeed, many coupled reaction systems have been described in which FMN (or FAD) reduction is linked to the generation of NAD(P)H. Moreover, as we have shown here, the luminographic image can be easily related to the histological structure of the tissue, and image analysis software can be used to provide a semiquantitative measure of the rel- ative light intensity. In this way, concentration values can be assigned to selected histological regions of the tissue.
An example of the exquisite sensitivity of the luminometric technique was seen when lactate was imaged in a nearly closed chick epiphysis. Figure 6 shows that there was accumulation of lactate in a zone of calcified hypertrophic cartilage that was less than 100 pm in width. If this tissue had been analyzed by conventional biochemical procedures, the sample would have contained both calci-t A 1 , 5 C 1 C GRAY LEVEL fied and pre-calcified cartilage. Therefore, the relatively high lactate content of the mineralized hypertrophic region would have been obscured by the presence of low levels of the anion in the adjacent pre-mineralized cartilage and mineralized bone.
It is important to note that although the system itself is very flexible, metabolite instability limits its use. To prevent degradation of intermediates and to limit their conversion to other products, we freeze-clamped and freeze-dried the cartilage before luminometry; in addition. sections were prepared under conditions that were designed to limit metabolite degradation. However, sub- sequent steps were not so stringently controlled. For example, during the stage at which light is being generated, the temperature of the tissue increased from below freezing to room temperature. Temperature elevation and tissue rehydration would be expected to promote changes in metabolite levels. Nevertheless. for metabolites that are present in high concentrations (lactate and glucose). the light emission values probably reflected the relative concentrations of each of these compounds. Reasons for assuming that these values are valid are: (a) the chemical assays confirm the lumino- by sharp histological borders, indicating that there has been minimal metabolite diffusion.
We can estimate the maximal metabolite diffusion distance during the time the section is in contact with the reagent mixture. If we assume that the diffusion of the metabolite through cacti-lage-bone is less than that of small molecules through water, then the upper limit for the diffusion coefficient is approximately cm2/sec. Therefore, in 1000 sec the root mean square diffusion distance will be less than the square root of cm (300 pm). As the mean exposure time for most of the epiphyseal metabolites (glu-cosc, lactate, and LDH) was between 15-30 min, only a minimal level of diffusion would be expected. Aside from diffusion, the physical nature of the tissue surface could account for some of the regional differences in light emission. Accordingly, the mineralized region of the tissue should exhibit least quenching and maximally reflect the emitted light. However, since this was not the case (bone emitted less light than minimally mineralized hypertrophic cartilage), we must conclude that the quenching phenomenon did not significantly modify the pattern of light emission from the specimen. In contrast to lactate, LDH, and glucose, the glucose-&phosphate image extended across proliferating cartilage into calcified cartilage-bone. It is likely that the diffuse image obtained was due to the low concentration of this intermediate in the plate and the need to collect light over a long time interval. It is also likely that a reactive intermediate such as glucose-6-phosphate would be converted into other compounds. Clearly, for hexose phosphates, the data must be confirmed by chemical analyses.
There were practical differences between the method described here and the earlier description of the bioluminescence technique
